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SUMMARY 


A  sumnary  Is  given  of  the  present  model  of  beam  formation  in  high 
pressure  sampling  and  of  the  effects  associated  with  the  process.  Results 
of  stable  product  analyses  in  CHj*-02-Ar  flames  and  of  a  study  of  the  dissoci 
ation  of  CI2  in  C0-C>2-Ar  flames  are  presented.  Both  studies  showed  success¬ 
ful  quenching  from  1-atra.  flames. 


-  1  - 


I.  CTTRODUCTIOn 


Although  the  experimental  work  during  the  last  quarter  baa  consisted 
mainly  of  actual  temperature  measurements  and  sampling  of  flames,  the  picture 
of  the  sampling  process  has  been  somewhat  clarified.  We  have,  therefore,  taken 
the  opportunity  in  this  quarterly  to  suamarite  briefly  our  model  of  the  high 
pressure  sampling  process  and  to  correct  certain  observations  made  in  previous 
quarterly  reports.  Two  papers,  which  have  been  written  for  meetings  and  sub¬ 
sequent  publication,  give  details  of  this  picture.  These  are  available  as  pre¬ 
prints.  The  results  obtained  in  sampling  flames  for  stable  products  and  free 
radicals  are  also  described,  as  are  our  future  plans. 


II.  THE  HIGH  PRESSURE  SAMPLING  PROCESS 


Our  sampling  system,  which  has  been  described  in  detail  elsewhere,-^/ 
consists  of  three  differentially  pumped  stages  between  the  sampling  orifice  and 
the  ion  source  of  a  Bendix  time-of-flight  mass  spectrometer.  One  improvement, 
currently  being  routinely  used,  consists  of  a  vibrator-pulsed  beam  and  detection 
system  operated  at  10  cps.  This  permits  us  to  detect  beam  signals  when  the 
"random  gas-to-beam"  ratio  is  greater  than  100.  Table  I  summarizes  the  pumps, 
dimensions,  and  pressures  for  typical  operation  of  the  sampler.  With  this  sys¬ 
tem,  molecular  beams  with  intensities  of  the  order  of  1  x  1017  molecules/cr^/sec 
are  obtained  at  10  cm.  from  the  sampling  orifice. 

The  process  of  bear,  formation  from  high  pressures  has  received  con¬ 
siderable  attention  recently  from  aerodynamic! sts  and  others  interested  in 
obtaining  very  intense  molecular  beams. It  is  generally  accepted  that  the 
gas  expands  through  the  first  orifice  in  continuum  flow  to  form  a  supersonic 
Jet.  The  second  orifice  is  situated  somewhere  in  this  supersonic  stream,  end 
beam  behavior  can  therefore  be  considerably  altered  by  the  relative  positions 
of  the  two  orifices  and  by  the  presence  of  shocks,  both  in  the  Jet  structure 
itself  and  at  the  second  orifice.  (Xir  recent  studies^/  indicate  that  under  the 
usual  conditions  employed  in  our  sampling  system,  the  expansion  behind  the  first 
orifice  goes  over  into  molecular  flow  well  before  the  second  orifice  is  reached, 
thus  minimizing  aerodynamic  interactions  with  this  orifice. 
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TABLE  I 


BEAM  SYSTEM  GEOMETRY  AND  OPERATING  CCWDITIOKS  EURIHG  SAMPLING 
OF  CHE  ATMOSPHERE  FLAMES 


Pumps 

1,500  A/sec  oil  dif¬ 
fusion  pump 

Distance 

Beam  Travels 
(cm. ) 

Typical 

Pressures 

(Torr) 

Tnl*t  Arifice  or  Slit 

i 

0.05-1.0 

2-10  x  10-3 

0.12  nn.  diam.  hole  in 
90*  cone 

2 

100  A/ sec  oil  dif¬ 
fusion  pump 

5.0 

2  x  10‘5 

0.25  naa.  diam.  hole  in 
60*  ccne 

3 

10  A/ sec  Hg  diffusion 
pump 

23.0 

3  x  10‘6 

0.50  x  9  m.  slit 

4 

mass  spec,  ion  source 
400  A/ sec  Hg  dif- 

2-5 

1  x  10‘6 

0.75  X  12  cm.  slit 

fusion  pump 
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The  following  simple  picture  is  suggested  as  a  first  approximation  to  describe 
the  sampling  history  of  the  gas.  The  gas  along  the  center  line,  which  ulti¬ 
mately  forms  the  molecular  beam  entering  the  mass  spectrometer,  expands  isen- 
tropically  to  quite  large  Mach  numbers  before  going  over  into  molecular  flew. 
Calculations  by  Owen  and  ThornhilliS/  for  gas  of  specific  heat  ratio,  Y  »  l.U  , 
and  by  Sherman-!/  for  several  v's,  relate  the  Jet  Mach  number  to  the  distance 
from  the  orifice  in  orifice  diameters.  For  a  given  Y  ,  the  results  sre  inde¬ 
pendent  of  source  pressure  and  temperature,  stage  one  pressure,  molecular 
weight,  and  orifice  diameter.  Mach  number  determinations  with  small  nozzles  or 
orifices  have  verified  the  calculations  up  to  Mach  numbers  of  10  to  12,  where 
apparent  departures  begin  to  occur,  depending  on  pressure  level. 

The  expressions  for  beam  intensity  in  an  aerodynamic  molecular  beam, 
which  were  given  originally  by  Kantrowitz  and  Greyi^/  end  ^modified  by  Parker 
et  al.-»  and  which  we  referred  to  in  our  previous  work,!/  appeer  not  to  be 
applicable  in  our  situation.  When  molecular  flow  exists  at  the  second  orifice, 
the  Parker  model  of  uniform  parallel  flow  across  the  skiracer  at  Mach  M  and  a 
sudden  transition  to  molecular  flow  beyond  the  skinner  is  clearly  inappropriate. 
In  fact,  it  is  expected  that  the  beam  intensity  under  such  conditions  would  be 
independent  of  skinner  area  (provided  line-of-sight  from  Bource  to  detector  is 
not  restricted  by  the  skirmer)  and  dependent  on  first  orifice  area,  instead  of 
the  reverse  as  is  shown  by  eq.  (1)  in  Ref.  2. 


For  the  fall-off  in  density  along  the  axis  of  the  "free  Jet",  the 
expansion  of  interest  in  sanpling,  Shermanii/  gives  high  Mach  number  limiting 
expressions  as  follows; 


p/p 


source 


A 

(7r)2 


Where  A  is  a  constant  that  depends  on  the  effective  Y  of  the  gas  being 
sampled  and  equals  0.632  for  a  V  of  5 /ii!/  and  0.350  for  a  y  of  7/5;  l 
is  the  distance  from  the  sampling  orifice  and  r  is  the  radius  of  the  sampling 
orifice.  This  limiting  behavior  is  being  used  to  develop  a  more  realistic  ex¬ 
pression  for  beam  intensity  in  supersonic  beams  when  the  transition  to  colli - 
sionle88  flow  occurs  well  ahead  of  the  skimer.  Since  the  Mach  number  is  a 
known  function  of  distance  for  the  continuum  part  of  the  beam  formation  process 
and  since  the  standard  equations  for  isentropic  expansion  in  flowing  systems 
apply,  we  can  obtain  the  T  ,  P  ,  density,  collision  frequency,  or  any  property 
of  interest  for  the  gas  during  this  part  of  the  expansion.  If  at  some  point 
we  assume  a  transition  to  molecular  flow,  where  no  further  changes  in  the 
states  of  the  molecules  can  occur,  then  we  can  make  predictions  as  to  what  may 
happen  during  sampling. 
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Two  major  effects  have  been  characterized  in  such  a  beam  formation 
or  sampling  process,  apart  from  the  various  parametric  effects  of  system  di¬ 
mensions,  scattering,  etc.  The  effects  are  mass  separation  and  polymer  for¬ 
mation,  and  both  can  be  explained  nicely  in  terms  of  the  above  picture.  Mass 
separation  has  been  treated  in  our  earlier  work  and  refers  to  the  phenomenon 
in  which  the  composition  of  a  gas  mixture,  going  through  the  second  orifice  and 
finally  ending  up  in  the  supersonic  molecular  beam,  is  usually  depleted  in  the 
lighter  components .  Permit/  has  recently  attributed  many  of  the  observed  separa¬ 
tion  effects  to  shock  waves.  We  have  found  that  the  separation  effect  varies 
as  the  first  power  of  the  molecular  weight,  and  is  consistent  with  other  evi¬ 
dence  that  shocks  are  not  significant  under  our  sailing  conditions.  It  there¬ 
fore  appears  that  the  simple  molecular  flow  model  of  Waterman  and  Stern, 
which  predicts  a  first  power  of  molecular  weight  dependence  in  the  bean, 
applies  to  our  results. 

For  sampling  studies,  we  have  verified  the  relation  between  observed 


*X+  *  kjjPx^.W.Jjj 


ion  intensity  in  the  mass  spectrometer  and  species  partial  pressure  and 
molecular  weight  (to  within  ±30  per  cent)  for  a  variety  of  species,  concentra¬ 
tions,  solvents  and  temperatures  at  1  atm. 2/  The  effect  decreases  with  pres¬ 
sure,  but  is  still  appreciable  at  several  Torr.  The  icportance  of  this  rela¬ 
tionship  in  quantitative  sampling  is  clear. 

The  second  effect,  the  occurrence  of  polymers  in  beans  froc  high 
pressure  sources,  has  also  been  reported  by  us  in  some  detail. 25/  As  will  be 
apparent  from  the  quenching  considerations  below,  as  a  gas  expands  from  high 
pressure,  its  temperature  drops  so  rapidly,  relative  to  its  pressure,  that  the 
gas  may  become  supersaturated  at  some  stage  of  expansion  and  a  homogeneous 
nucleation  process  will  ensue.  The  nucleation  or  condensation  process  will  be 
arrested  by  the  continued  expansion  to  molecular  flow,  and  in  practice  a  sur¬ 
prising  array  of  polymers  will  often  be  observed  in  the  mass  spectrum  of  the 
supersonic  molecular  beam.  The  relative  extent  of  polymer  formation  observed 
in  various  gases  can  be  qualitatively  explained  by  considering  the  variation 
with  Y  in  expansion  rate  and  cooling,  and  by  initial  departures  from 
saturation. 

In  sane  cases  the  polymers  make  up  an  appreciable  fraction  of  the 
total.  Thus,  for  HgO  or  DgO  saturated  argon  at  room  temperature,  the  ratio 
of  monomer  ion  to  dimer  ion  is  only  about  4.  Pure  argon  initially  at  5  atm., 
and  room  temperature  gives  a  few  per  cent  Ar£*  • 
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In  identifying  species  in  flames,  such  polymerization  may  occurfor 
more  strongly  bound  clusters  than  the  primarily  van  der  Waal's  specie*  shown 
in  Table  II.  Thus,  with  condensible  species  the  occurrence  of 
higher  polymers  may  be  an  artifact  of  the  expansion  process  in  the  manner  de¬ 
scribed.  This  process  may  also  account  for  some  of  the  ions^of polymers  ob¬ 
served  in  direct  sampling  of  ions  from  high  pressure  flames - 

Accepting  the  simple  picture  of  sampling  and  beam  formations  Just 
presented,  one  can  look  at  the  history  of  the  gas  as  it  expands 
flow.  For  a  thin  circular  orifice  with  sonic  conditions  existing  uniformly 
L™.  the  effective  dieter  of  the  orifice  (.tout  0.6  of  the  „t»el  dieter) 
and  assuming  that  the  flame  gases  behave  in  expansion  as  a  gas  of  content  y  , 
we  can  calculate  T  ,  P  and  stream  velocity  as  e  function  of  distance  using 
the  Owen  and  Thornhill  relation  between  Mach  number  and  distance, 
part  of  Table  II  summarizes  the  results  for  gases  of  y  -  l.k  (diatomic  mole¬ 
cules  with  no  relaxation  of  vibration  and  no  heat  effects  due  to  shifting 
chemical  equilibria)  expanding  from  1  atm.  and.  2500  K  through  a  0.12  m. 
diameter  orifice. 

The  time  scale  of  the  expansion  is  seen  to  be  extremely  short  with 
very  rapid  temperature  and  pressure  drop.  Reactions  with  reasonably  large 
activation  energies  would  be  expected  to  be  rapidly  quenched.  As  an  exs^ie 
the  reaction  CO  +  OH  — CO2  +  H  ,  known  to  control  **  c™"r8l°^a“  * 
C02  in  hydrocarbon  flames,  would  be  effectively  quenched  with _\c^8^i0D 
veL  near  its  value  prior  to  sampling.  The  reaction  H  ♦  %  OH  , 

th^gh  somewhat  faster,  would  still  appear  to  be  quenched  readily.  .Radical 
recombination  reactions  and  condensation  reactions  will  be  nuch  slower  ini- 
Ually  but  being  third-body  reactions,  they  will  be  accelerated  by  deceasing 
the  temperature,  and  will  be  quenched  essentially  by  running  out  of  collisi  • 
SI  SllirSltlon*  .hove,  however,  ere  proof  that  such  re.ctions  of.  occur 
to  an  appreciable  extent  in  some  cases. 

The  above  considerations  of  the  expansion  from  the  sonic  condition 
at  the  throat  of  the  sealing  orifice  to  molecular  flow  lead  to  optimism,  that 
most  species  can  be  successfully  quenched  from  1-atn.  flames.  This  part 
the  saLling  process  seems  to  be  the  one  most  usually  considered  in  discussing 
quenching.  Actually,  however,  the  gases,  in  going  from  their  undisturbed  flow 
Jn  front  of  the  orifice  to  the  sonic  condition  at  the  throat,  experience  a 
substantial  cooling  and  pressure  drop  (^art  from  effects  due^physical  and 
thermal  Intention  of  ^ 

a  tvnical  burnt  gas  composition  at  250U  a  *111  °e 

the^lnitialpressure  i  In  expanding  to  tonic  flow.  Therefore,  this  pert 
of  the  expansion  must  also  be  considered. 
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TABLE  II 


AXIAL  EXPANSION  HISTCBY  OF  A  GAS  DURING  FORMATION  OF  A 
SUPERSONIC  MOIECUIAR  BEAM 

(Initial  conditions:  1  atm.,  2500*K,  Y  *  1.4, 
0.0125  cm.  orifice  diameter,  and 
molecular  weight  28) 


Distance  in* 
Orifice  Diameters 
from  Throat 

of  Orifice 

Mach 

Ho. 

Temp. 

CK) 

2500 

P 

(atm. ) 

Stream 
Velocity 
(cm/sec  x  10*5) 

Time  from 

Orifice 
Throat 
(usee. ) 

-2.0 

0 

1.0 

-1.75 

0.125 

2495 

0.99 

0.12 

-0.66 

-1.5 

0.25 

2470 

0.96 

0.253 

-0.40 

-1.0 

0.5 

2380 

0.84 

0.497 

-0.14 

-0.5 

0.75 

2245 

0.69 

0.725 

-0.090 

0 

1.0 

2083 

0.53 

0.93 

0 

+0.5 

1.6 

1650 

0.24 

1.33 

+0.C67 

1.0 

2.6 

1074 

0.060 

1.73 

0.114 

2.0 

3.9 

625 

0.0075 

1.97 

0.1S 

4.0 

5.6 

350 

0.CC096 

2.11 

0.31 

6.0 

6.8 

245 

0.CCQ29 

2.17 

0.43 

8.0 

7.8 

190 

C. 00012 

2.  IS 

0.55 

10.0 

8.8 

152 

0. 00X55 

2.20 

0.66 

*  2.26 
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An  approximate  Idea  of  the  nature  of  the  expansion  to  sonic  condi¬ 
tions  can  he  obtained  from  the  single  point  sink  model  by  assuming  incompres¬ 
sible  flow.  At  two  orifice  diameters  from  the  orifice,  which  is  the  closest 
to  the  orifice  that  this  model  seemed  to  be  reliable,  there  is  virtually  no 
change  in  the  gas  properties.  For  the  remaining  distance,  a  linear  change  of 
the  Mach  number  is  assumed,  since  this  appears  to  approximate  the  kinetically 
worst  case.  The  results  of  these  calculations  are  given  in  the  first  half  of 
Table  III.  It  can  be  seen  that  the  entire  expansion  from  the  time  that  the 
temperature  and  pressure  first  begin  to  change,  is  complete  in  1.5  to  2  usee. 
This  rate  should  be  sufficiently  rapid  to  satisfactorily  quench  most  reactions. 


TABLE  III 

RESULTS  OF  STABLE  PRODUCT  SAMPLING  IN  TWO  C^-Og-Ar  FLAMES 

AT  OHE  atmospherjT" 


position.  Partial  Pressures  in  Atm. 

BgO  CO  ^2  Ar  ^2 

(16.4)*  1.81  1.95  (71.3)  9.23 

16.4  2.13  1.22  71.3  6.78 


Flame 


KgQ.  for  CO  +  fofe - >CQ2  for  Hg  ♦  fog - »HgO 

Meas.  Calc.  Meas.  Calc. 


Values  in  parentheses  are  calculated. 


III.  FLAME  SAMPLING  RESULTS 


A.  Stable  Products 

Continuing  our  systematic  study  of  the  factors  affecting  the  ability 
to  representatively  sample  1-  atm.  metal-containing  flames,  ve  have  studied 
the  stable  products  in  a  number  of  CH^-Og-Ar  flames.  One  such  flame,  a  stoi¬ 
chiometric  CH^-Og-Ar  flame  burning  at  about  2588°K,  was  reported  in  the  last 
quarterly.  We  have  obtained  results  on  this  and  several  other  flames,  includ¬ 
ing  more  detailed  tenperature  measurements,  during  the  past  quarter. 

Results  for  the  two  flames  most  thoroughly  studied  are  shown  in 
Table  III.  The  agreement  is  felt  to  be  satisfactory  for  both  equilibria,  the 
differences  being  as  easily  attributable  to  analytical  calibrations  as  to  fail¬ 
ure  to  quench.  A  number  of  cooler  and  leaner  flames  were  also  studied,  the 
results  of  which  are  shown  in  Table  IV.  Column  (1)  gives  the  conposition  of 
the  unburned  gases,  column  (2),  the  measured  temperatures ,  and  columns  (3)  and 
(4),  the  measured  and  calculated  equilibrium  constants  for  the  equilibrium 
CO  +  ^  C02  '  ^he  result8  are  seen  to  become  progressively  worse  the 

cooler  and  leaner  the  flame  (a  single  run  on  a  CO-Og-Ar  flame  is  also  shown). 
In  these  flames  the  CO  concentration  is  obtained  by  correcting  for  the  frag¬ 
mentation  pattern  of  COg,  as  determined  from  a  room  tenperature  calibration 
using  a  pure  CO2  beam.  This  involves  an  appreciable  correction  when  the  CO 
concentration  is  small. 

The  error  in  the  experimental  result  is  in  the  direction  of  too  much 
^parent  CO  in  almost  every  case.  There  are  three  possible  reasons  for  this, 
each  of  which  is  being  explored.  First,  there  may  be  entrainment  of  Ng  in  the 
inner  flame  in  spite  of  quite  extensive  sheathing.  Second,  there  may  be  in- 
conplete  combustion  of  the  CO  even  1  cm.  beyond  the  reaction  zone.  Third,  and 
most  intriguing,  the  cracking  pattern  for  COg  may  change  substantially  from 
room  tenperature  to  the  2000®  -  2370®K  in  the  flames  shown  in  Table  IV.  Sup¬ 
port  for  this  postulate  is  shown  in  the  last  column  of  Table  IV,  where  the  raw 
44+/g8+  data  are  shown  for  each  flame.  The  ratio  seems  to  approach  a  limiting 
value  of  5  to  6,  compared  to  a  value  of  11  for  room  tenperature  COg. 
Stevensoni§/  has  reported  substantial  changes  in  the  cracking  pattern  of  CH^ 
and  more  complicated  molecules  over  a  much  smaller  temperature  range.  The 
molecular  beam  source  should  prove  valuable  in  carrying  out  studies  of  frag¬ 
mentation  patterns  as  a  function  of  tenperature. 
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TABU!  IV 


MEASURED  CO-CO2  EQUILIBRIA  Ill  FIAMES 

Measured  CO  +  ^2 

Composition  Temperature 


In  view  of  the  reasonable  agreement  in  those  cases  where  the  stable 
products  are  all  present  in  reasonable  quantities,  it  seemed  most  profitable, 
as  far  as  quenching  studies  are  concerned,  to  go  on  to  systems  containing 
reactive  species.  One  of  the  simplest  test  systems  is  the  C0-02-Ar  flame 
with  a  small  amount  of  CI2  added.  Preliminary  results  on  this  system  were 
reported  earlier.-^  We  have  now  obtained  more  reliable  data  using  sheathed 
CO-Og-Ar  flames.  This  flame  was  burned  on  a  sheathed  burner  made  by  corrugat¬ 
ing  thin  steel  shim  stock  and  rolling  it  into  concentric  cylinders.  The  flame 
and  equilibrium  presented  certain  problems.  It  was  necessary  to  burn  rather 
cool  CO-Og-Ar  flames,  and  these  were  hard  to  stabilize  with  no  hydrogen  added 
other  than  that  in  the  tank  gases  being  used  (less  than  0.1  per  cent).  Fur¬ 
thermore,  the  CI2  inhibited  the  flames  noticeably  so  that  concentrations  of 
1  per  cent  or  less  were  used,  causing  only  a  slight  bulging  of  the  otherwise 
flat  reaction  zone.  During  Na  line-reversal  temperature  measurements,  in  which 
Na  was  introduced  by  passing  the  O2  and  Ar  over  molten  NaCI,  no  Clg  could  be 
present  since  it  suppressed  the  atomic  Na  concentration  to  unusable  values. 

With  the  low  Clg  concentrations  studied,  however,  temperature  errors  should  be 
small. 
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Table  V  shows  results  of  the  Clg  dissociation  study  in  three  stoi- 
chionetarL  c  C0-02-Ar  flames  at  different  temperatures .  The  relative  cross- 
section®  of  Clg  to  A r  have  not  yet  been  determined;  the  partial  pressures  of 
tlie  chlor*±ne  species  were  calculated  relative  to  argon,  using  cross-sections 
estimataed  as  follows:  Ar:Cl:Cl2  “  1:1:2.  Mass  separation  and  fragmentation 
corrections  were  also  made.  The  equilibrium  constants  obtained  for  the  two 
hotter  iLames  agree  with  the  literature  values  as  well  as  can  be  expected  con¬ 
sidering  -the  probable  error  in  the  flame  temperatures  and  cross-sections. 

Since  tbe  above  method  of  treating  the  observed  ion  intensities  is  what  will 
have  to  be  done  in  studying  completely  unknown  high  temperature  species,  the 
agreement  Is  encouraging. 

Several  more  attempts  have  been  made  to  detect  the  free  radicals  OH 
and  0  in  Sg-Og  and  CO-O2  flames,  respectively,  but  so  far  without  definitive 
results-  It  would  be  surprising  if  we  failed  to  quench  0  atoms,  in  view  of 
our  success  with  Cl  atoms,  and  a  more  detailed  search  is  being  undertaken. 


TABLE  V 

CHLCRIHE  EQUILIBRIUM  IN  A  CO-C^-Ar  FLAME 


Temp, 

(°K) 

^2 

PC1 

^experimental 

Kliterature 

1784 

4  .  e  x  io"4 

3.2  x  10"3 

o.cei 

0.086 

2018 

1-4  x  10'4 

8.6  x  10‘3 

0.53 

0.63 

2152 

1-4  x  10‘4 

1.1  x  10*2 

0.94 

1.60 
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IV.  FUTURE  WORK 


The  study  of  quenching  ability  will  continue  using  F,  Cl,  and  per¬ 
haps  Br  in  the  C0-02-Ar  flames.  Tests  with  the  HC1  dissociation  equilibria 
will  also  be  made  in  H2-O2  flames.  A  concerted  attempt  to  sanqple  the  free 
radicals  0  and  OH  will  be  made  this  quarter.  Studies  of  the  H  atom  would  be 
more  difficult  by  an  order  of  magnitude  due  to  the  substantial  mass  discrimina¬ 
tion  effect  with  such  a  light  species.  Also  this  quarter  we  will  pursue  the 
quantitative  sampling  of  condensible  metal  species  in  simple  systems.  A  few 
tests  will  be  run  to  resolve  the  question  of  the  anomalous  44+/28+  results  in 
the  CO-CO2  equilibria. 
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